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To study the effect of cell wall protein A on bacterial opsonization, phagocyto-
sis of 10 strains of Staphylococcus aureus with high and low protein A contents
was measured. Those strains that contained the highest concentrations of protein
A were phagocytized by human neutrophils at a slower rate than strains with
little or no protein A when normal human serum and purified immunoglobulin
G (IgG) were used as opsonic sources. When IgG-deficient serum was used as an

opsonic source, however, protein A-rich strains were phagocytized more rapidly
than protein A-deficient strains. Extracellular (purified) protein A decreased the
opsonic activity of all sera tested including IgG-deficient serum. It is proposed
that when IgG is not present in the opsonic medium, cell wall protein A is
capable of activating complement at the bacterial surface and thereby opsoniza-
tion is promoted.

Protein A, a component of the cell wall of
over 90% of Staphylococcus aureus strains (3,
4), possesses the unique capacity of combining
with the Fc fragment of immunoglobulin G
(IgG) (7). Protein A-IgG complexes have been
found capable of activating both the classical
and alternative pathways of complement (11,
12). Dossett et al. (1) and Forsgren and Quie (6)
have demonstrated that protein A is antiphago-
cytic in vitro, a finding consistent with protein
A's anticomplementary activity and with the
binding of protein A to the Fc portion of IgG,
thereby interfering with bacterial attachment
to the Fc receptors of phagocytic cells.
To further investigate the influence of cell

wall protein A on phagocytosis, 10 S. aureus
strains with different protein A contents were
opsonized in a variety of sera, and phagocytosis
by human neutrophils was measured. Since
protein A is released from bacterial cell walls,
and it may thereby affect humoral factors, the
influence ofpurified protein A on serum opsonic
activity was also studied.

MATERIALS AND METHODS
Bacterial strains. S. aureus 502A, Wood 46, and

five strains isolated from patients with staphylococ-
cal infections were studied. S. aureus Cowan I and
two protein A-deficient mutants of this strain, NG
316 and EMS 252 (5), were kindly provided by A.
Forsgren and K. Nordstrom (University of Malmo
and Uppsala, Sweden). The NG 316 mutant pro-
duced nuclease, coagulase, alpha-hemolysin, fibri-
nolysin, and fermented mannitol and had the same
phage type as the parent Cowan I strain. Strain
EMS 252 was non-phage typable and did not produce
any of the above enzymes.

Quantitation of cell wall protein A. An 18-h cul-
ture in 10 ml of Trypticase soy broth (Difco, Detroit,
Mich.) of each bacterial strain was centrifuged at
1,600 x g for 15 min. All bacterial pellets were
resuspended in phosphate-buffered saline, pH 7.4
(PBS) and adjusted to the same optical density (10%
transmission at 620/pm). The suspensions were then
centrifuged for 15 min and the pellets were resus-
pended in 2 ml of PBS containing 25 ,ug of lyso-
staphin per ml (Schwarz/Mann, Orangeburg, N.Y.)
(10). After 2 h of incubation at 37°C, the transmis-
sion of light was increased at least eightfold in all
bacterial suspensions. The lysate was centrifuged at
1,600 x g for 15 min. The content of protein A in the
supernatant was determined qualitatively by double
diffusion in agar (9) and quantitatively by an indi-
rect hemagglutination method in which sheep
erythrocytes sensitized with anti-sheep erythrocyte
serum were incubated in tubes containing serial
dilutions of the individual supernatants (13). The
titer of protein A was expressed as the reciprocal of
the last dilution in which there was visible hemag-
glutination.

Radioactive labeling. One-tenth milliliter of an
overnight culture ofbacteria ofeach strain was inoc-
ulated into 10 ml of Mueller-Hinton broth (Difco,
Detroit, Mich.) containing 0.02 mCi of [methyl-3H]
thymidine (specific activity, 6.7 Ci/mmol, New Eng-
land Nuclear, Boston, Mass.). After 18 h of growth
at 37°C, the bacteria were washed three times in
PBS. A final bacterial concentration of 5 x 108 col-
ony-forming units of PBS per ml was obtained spec-
trophotometrically and confirmed by pour-plate col-
ony counts.

Leukocytes. Ten to twenty milliliters of blood
was drawn from healthy donors in a syringe con-
taining 200 U of heparin. The erythrocytes were
sedimented for 1 h in 6% dextran "70" (Cutter Labo-
ratories, Berkeley, Calif.) in normal saline (10 ml of
blood-3 ml of saline). The leukocyte-rich plasma was
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withdrawn and centrifuged at 160 g for 5 min. The
resulting pellet was washed twice in heparinized
saline (10 U of heparin/10 ml of saline). Using a
standard counting procedure, the final leukocyte
suspension was made up to contain 107 polymorpho-
nuclear (PMN) leukocytes/ml of Hanks balanced
salt solution with 1% gelatin (HBSS).

Opsonins. Fresh human serum was pooled from
five normal donors. IgG-deficient serum, in which
IgG, IgA, and IgE were nondetectable by Mancini
radial-immunodiffusion and Ouchterlony methods
and in which IgM was within normal limits (39 mg/
100 ml), was obtained from a patient with congenital
rubella infection. All sera were kept frozen in ali-
quots at - 70oC, and shortly before use were thawed
and diluted in HBSS to a final concentration of 10%.
Heat-inactivated sera were prepared by heating ali-
quots at 560C for 1 h. Purified human IgG (kindly
provided by Ralph C. Williams, Jr., University of
New Mexico, Alburquerque) was stored at 40C and
used in a concentration of 300 mg/100 ml in HBSS.
In one series of experiments sera were diluted in
HBSS containing 100 Ag of purified protein A
(kindly provided by A. Forsgren) per ml of HBSS.
After incubation for 30 min at 37CC, these sera, as
well as the control sera, were centrifuged at 1,600 x
g for 15 min, and the supernatants were used as
opsonic sources.

Phagocytosis mixtures. Mixtures of 1.5 ml con-
taining leukocyte suspension, opsonin, and bacteria
were prepared in plastic tubes (12 by 75 mm, Falcon,
Oxnard, Calif.) in a volume ratio of 5:4:1. The final
bacteria-PMN leukocyte ratio was 10:1. The mix-
tures were tumbled at 10 rpm in a rotating rack
(Fisher Roto-Rack, Fisher Scientific Co., Chicago,
Ill.) at 370C.

Sampling of the phagocytosis mixtures. To deter-
mine the leukocyte-associated counts per minute
(cpm), duplicate 100-,ul samples were taken from the
phagocytosis mixtures with an Eppendorf pipette
after 3, 10, and 20 min of incubation, placed in 3 ml
of PBS in polypropylene vials (Bio-Vials, Beckman,
Chicago, Ill.) and then centrifuged at 160 x g. The
pellets were washed twice with PBS. The final leu-
kocyte pellets were disrupted with 2.5 ml of distilled
water, and after centrifuging at 1,600 x g, the pel-
lets were resuspended in 2.5 ml of scintillation liq-
uid (toluene containing fluor-alloy [TLA, Beckman]
and 20% Biosolve-3 [Beckman]) and counted in a
liquid scintillation counter (Beckman LS-250). To
determine the total bacterial cpm (phagocytized and
extracellular bacteria), duplicate 100-,ul samples
were taken at the end of the assay period, placed in
2.5 ml of distilled water, and centrifuged at 1,600 x
g for 15 min. The pellets were resuspended in 2.5 ml
of scintillation liquid and counted. Chemical
quenching was similar for all samples.

Calculations. Averages of duplicate values, 90%
of which were within 10% of agreement, were used
in all calculations. The percentage ofthe total bacte-
rial population which was phagocytized at a given
sampling time was calculated using the formula:

% of bacteria phagocytized
cpm in leukocyte pellet

cpm in total bacterial pellet X 100.

RESULTS
Phagocytosis of S. aureus strains contain-

ing high and low concentrations of cell wall
protein A. Four S. aureus strains with high
levels of protein A (rich) and four strains pos-
sessing low levels of protein A (poor) were
added in equal ratios to PMN leukocytes in the
presence of normal serum. The protein A titer
in the rich groups varied from 640 to 2,560, that
of the poor group varied from <10 to 80. S.
aureus Cowan I and two protein A-deficient
mutants of this strain (EMS 252 and NG 316)
were studied in a similar manner. The EMS 252
mutant contained no detectable protein A. The
protein A titer ofNG 316 was 10 compared with
640 for the parent strain. The kinetics ofphago-
cytosis of these strains are shown in Fig. 1. The
protein A-rich strains and the parent Cowan I
strain were phagocytized at a slower rate than
were the strains deficient in protein A. After 20
min of incubation with leukocytes, 78 to 86% of
the protein A-poor bacteria were phagocytized,
compared with 62 to 78% of the protein A-rich
bacteria (Fig. 1A). Likewise, both mutant
strains were somewhat better phagocytized
than the parent Cowan I strain (Fig. 1B).
When purified IgG was used as an opsonic

source, there was a marked difference in phago-
cytosis between the parent Cowan I strain and
the two mutants. After 20 min of incubation
with PMN leukocytes, only 40% of Cowan I
bacteria were phagocytized compared with ap-
proximately 90% of bacteria belonging to both
mutant strains (Fig. 2). When heat-inactivated
normal serum was used as an opsonic source,
phagocytosis of the four protein A-rich and four
protein A-poor strains was less than 50% ofthat
when normal serum was used; however, phago-
cytosis of the protein A-rich strains opsonized
with heat-inactivated serum was lower than
that of the protein A-poor strains (data not
presented).
When IgG-deficient serum was used as an

opsonic source, however, phagocytosis of the
protein A-rich strains and of the parent Cowan
I strain was greater than that of the protein A-
deficient strains (Fig. 3). Whereas 63 to 69% of
the protein A-rich bacteria were phagocytized
after 20 min, only 14 to 61% of the protein A-
poor bacteria were phagocytized (Fig. 3A). Only
21% of the mutant EMS 252 were phagocytized
compared with 89% of the parent strain (Fig.
3B). There was better phagocytosis of mutant
NG 316 which contained some protein A; how-
ever, there was significantly slower uptake
than that of the parent strain. Heat-inactiva-
tion of IgG-deficient serum significantly low-
ered the opsonic capacity of this serum for the
protein A-rich bacteria to a level lower than
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FIG. 1. Phagocytosis ofS. aureus strains in normal serum. FourS. aureus strains containing high levels of

proteinA (rich) and four strains containing low levels ofproteinA (poor) were added toPMN leukocytes in the
presence of normal serum (A). S. aureus Cowan I (parent strain) and two protein A-deficient mutants (NG
316 and EMS 252) were likewise added to PMN leukocytes (B). Bars represent the extremes for the four
protein A-rich and four protein A-poor strains.

Minutes
FIG. 2. Phagocytosis of S. Aureus Cowan I (par-

ent strain) and two protein A-deficient mutants in
purified IgG.

that of heat-inactivated normal serum (data
not shown).

Influence of extracellular protein A on op-
sonization. The effect of soluble protein A on
the opsonic activity ofnormal serum, heat-inac-
tivated serum, and IgG-deficient serum was
studied by incubating each of these sera with-
purified protein A before adding bacteria and
leukocytes and measuring phagocytosis. The
opsonic capacity of all three of these sera was
significantly reduced after treatment with pro-
tein A (Fig. 4). Whereas 67 to 70% of bacteria
were phagocytized after 20 min of incubation

with leukocytes in normal serum and IgG-defi-
cient serum, only 43 to 45% of bacteria were
phagocytized in normal serum and IgG-defi-
cient serum treated with protein A. A similar
decrease in opsonic activity was found when
heat-inactivated serum was incubated with
protein A. These results were confirmed in ex-
periments performed on 3 separate days with
three different strains. In all experiments, in-
cubation with protein A reduced the opsonic
capacity of the different sera by greater than
40%. The decrease in phagocytosis mediated by
protein A did not appear to be related to a direct
effect of protein A on the phagocytic function of
PMN leukocytes, as leukocytes incubated with
protein A for 2 h at 370C did not behave differ-
ently from control leukocytes.

DISCUSSION
The rate of phagocytosis of 10 S. aureus

strains was found to correlate with the protein
A content of the strains. The effect of protein A
on phagocytosis depended on the opsonin used
in the phagocytosis mixture. When normal se-
rum was used as an opsonic source, those
strains possessing high levels of protein A were
phagocytized more slowly than strains with low
levels of protein A. When purified IgG was used
as an opsonic source, the protein A-rich Cowan
I strain was poorly phagocytized when com-
pared with the phagocytosis of two protein A-
deficient mutants of this strain. Likewise, al-
though heat-inactivated serum was not as good
an opsonic source as was normal serum for all
the strains, the protein A-rich strains were
phagocytized more slowly than were the pro-
tein A-poor strains when heat-inactivated se-

a)
.)

0
114
0'
0

-C
0
.I
ax
a-)

U.0
m
0

$Il

100

801
-o
4)
N

C-)
0

0

-
01)

C-)0
m
04-
0

60

40

20

INFECT. IMMUN.

no(



PROTEIN A STAPHYLOCOCCAL OPSONIZATION 763

04sN
._.

0
0Ct

a-

0

U
0m
0-

'D
0

0.0

.0a-
0

m
0

Minutes
10

Minutes

FIG. 3. Phagocytosis of S. aureus strains in IgG-deficient serum. Four S. aureus strains containing high
levels of protein A (rich) and four strains containing low levels of protein A (poor) were added to PMN
leukocytes in the presence ofIgG-deficient serum (A). S. aureus Cowan I (parent strain) and two protein A-
deficient mutants were likewise added to PMN leukocytes (B). Bars represent the extremes for the fourprotein
A-rich and four protein A-poor strains.
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FIG. 4. Effect ofpurified protein A on the opsonic

activity of normal serum, IgG-deficient serum and
heat-inactivated serum. Normal serum was incu-
bated with HBSS (-) and HBSS containing 100 pg
ofprotein A (0); IgG-deficient serum was incubated
with HBSS (U) and HBSS containing 100 pg of
protein A (E); heat-inactivated serum was incubated
with HBSS (A) and HBSS containing 100 pg of
protein A (A). After centrifuging, the supernatants
were used as opsonic sources in phagocytosis mix-
tures containing S. aureus Cowan I and PMN leuko-
cytes.

rum was used as an opsonin. In contrast to
these findings, when IgG-deficient serum was
used as an opsonic source, the protein A-rich
strains were more rapidly phagocytized than
were the protein A-deficient strains. Thus, it
appeared that cell wall protein A had the capac-
ity to inhibit opsonization when IgG was pres-
ent in the opsonic medium but paradoxically
enhanced opsonization in the absence of IgG.

When purified protein A in a concentration of
100 ,ug/ml was incubated with normal serum,
heat-inactivated serum, and IgG-deficient se-
rum, the opsonic activity of all three sera was
significantly reduced. This inhibitory effect on
the opsonic capacity ofnormal serum is in keep-
ing with the findings of Dossett et al. (1) and
Forsgren and Quie (6). As pointed out by these
investigators and as evidenced by StAlenheim
et al. (12), this inhibition is most probably me-
diated through the binding of protein A to the
Fc fragment of IgG, as well as through the
activation of complement mediated by IgG-pro-
tein A complexes. The inhibitory effect of pro-
tein A on the opsonic activity of heat-inacti-
vated serum is presumably mediated through
the blocking of Fc fragments alone.
As a similar inhibitory effect was found when

purified protein A was incubated with IgG-defi-
cient serum, it appeared that protein A was
also capable of activating complement in the
absence of IgG-protein A complex formation.
The IgG-deficient serum used in these experi-
ments did contain IgM. Grov (8) has recently
shown that protein A is capable of binding to
IgM in the region of its Fc fragment. It is
therefore possible that IgM-protein A com-
plexes were formed in the IgG-deficient serum
and that such complexes activated comple-
ment. However, IgG-deficient serum which in
addition contained very low levels of IgM has
been found capable of opsonizing protein A-rich
staphylococcal strains, but not protein A-poor
strains (J. Verhoef, submitted for publication).
Therefore, it seems likely that protein A is
capable of activating complement in the ab-
sence of immunoglobulin. Additional studies
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will be necessary to determine the minimal
concentration of protein A that will produce an
inhibitory effect on the opsonic capacity of IgG-
deficient serum and to quantitate the degree of
complement activation.
Thus, the effect of protein A on opsonization

ofS. aureus depends not only on the location of
this protein (in the bacterial cell wall or an
extracellular locus) but also on the opsonic
source being studied. When IgG is present,
both cell wall and extracellular protein A in-
hibit opsonization of bacteria. When IgG is not
present, however, cell wall protein A appears to
be capable of activating complement at the bac-
terial surface and thereby actually promotes
effective bacterial opsonization. When it is act-
ing extracellularly, protein A inhibits opsoniza-
tion by IgG-deficient serum by activating com-
plement in the medium so that it is no longer
available for activation at the baterial surface.
There is reason to believe from such in vitro

data that protein A may play a role in the
severity of staphylococcal infection. If a staphy-
lococcal infection becomes established, orga-
nisms replicate and protein A is released from
the staphylococcus, which can then potentially
inactivate complement as well as block the Fc
fragments of IgG. Cell wall protein A may
either inhibit or enhance phagocytosis depend-
ing on the concentration of IgG present.
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